ABSTRACT GT and AG, located at the 5Ј and 3Ј ends of introns, are important for correct splicing. It is anticipated that natural selection decreases frequency of AG and GT near the 5Ј and 3Ј ends of exons, preventing appearance of cryptic splicing sites. The data presented in this article support the expectation.
I
T is common knowledge that GT and AG dinucleo-5Ј ENDS OF EXONS tides, located at the 5Ј and 3Ј ends of introns, respectively, constitute an important part of the donor and acInformation relevant to Caenorhabditis elegans, Drosophceptor splice sites. These sites are highly conserved and ila melanogaster, and Homo sapiens was extracted from essential for correct splicing (Burset et al. 2000) . Mutathe exon-intron database (EID), which was compiled in tions in these sites inevitably lead to severe disruptions the W. Gilbert laboratory, Department of Molecular and of normal splicing (Nissim-Rafinia and Kerem 2002) .
Cellular Biology, Harvard University (Saxonov et al. Still a question can be asked whether the presence of 2000). The database contains protein-coding intron-con-AG at the 5Ј ends of nonfirst exons may confuse identitaining genes and is available on the Internet at http:/ / fication of the last 3Ј AG of preceding introns, which www.mcb.harvard.edu/gilbert/eid/. From the version of the database that we used, the following data were exare known to be involved in splicing. A similar question tracted: C. elegans, 14,836 genes and 98,581 exons; D. may apply to GT located at the 3Ј ends of nonlast exons, melanogaster, 13,361 genes and 58,801 exons; H. sapiens, which in turn may confuse recognition of the first 5Ј 7150 genes and 47,908 exons. A program was written to intronic GT also essential in splicing. If the answer to align exons at the 5Ј or 3Ј ends and to search sequences both questions is positive, one may expect that natural within exons. The program gives an option to ignore selection would affect 5Ј and 3Ј ends of exons by reducthe first or the last exon in a gene. The program is also ing frequencies of AG and GT in the vicinity of the capable of ignoring all exons except the first or the last. intron-exon boundaries. To test this hypothesis we colExpected frequencies of nucleotide pairs were calculected and compared data concerning observed and lated using the formula fr AG ϭ fr A/n ϫ fr G/nϩ1 , where fr A/n expected frequencies of AG in the 5Ј ends and GT in is a frequency of A in position n from the beginning of the 3Ј ends of exons in three model species as well the exon and fr G/nϩ1 is a frequency of G in position n ϩ 1 as conducted several other independent studies. It is, from the beginning of the exon. A similar procedure however, clear from numerous publications that the was used for GT pairs. As we show, 5Ј and 3Ј alignments role of AG and GT in determining the splicing point is of different and numerous exons negate possible codon not exclusive and that there are other factors affecting usage biases (our unpublished data) and we believe that the process (Fairbrother et al. 2002;  Maniatis and this factor does not affect results discussed in this article. Tasic 2002).
Pictograms representing frequencies of different nucleotides at the first 10 5Ј positions of exons are shown in Figure 1 . It is to be expected (Lewin 1994) To study the problem posed in the title of this article, melanogaster, t ϭ 6.155, P ϭ 0, in the first 50 positions) and much higher than observed frequencies of AG pairs. we calculated observed and expected frequencies of AG pairs in the 5Ј part of exons in the compared species.
One may presume that selective pressure against AG pairs could contribute to the observed phenomenon. Figure 2 represents the distributions of AG frequencies starting from the 5Ј end along nonfirst exons. The first On the contrary the first exons do not have a preceding intron-exon junction and were not expected to show exons were excluded from this count as they do not have the preceding intron-exon boundary and thus difspecific selection pressure against AG. Table 2 presents comparisons between observed and expected frequenfer from all the rest. Periodic variations of AG frequencies, which can be seen in all distributions, are discussed cies of AG on the same intervals as is shown above for nonfirst exons. In C. elegans and D. melanogaster no in a separate article. As can be seen in Figure 2 the first five positions in the three compared species differ from differences were observed in either interval in the first exons. This observation supports the idea that the prethe following positions. Taking this fact into account we compared observed and expected frequencies of AG ceding intron-exon junction likely contributes to selection against exonic AG in the vicinity of splicing site in pairs on the intervals 6-30 and 101-125 (not shown in Figure 2 ) positions. In the nonfirst exons of C. elegans the nonfirst exons. In H. sapiens the situation seems to be different. Obexpected frequencies are significantly higher within both compared intervals (Table 1) , while the intensity served and expected frequencies of AG practically do not differ from expected in the first four positions, after of the differences slightly declines in the 3Ј direction. Correlation (r ϭ Ϫ0.65; P Ͻ 0.0001) between AG posiwhich the pattern changes and observed frequencies of AG are higher than expected. Obviously there is a tion in the exons and the difference between expected and observed values was found. In D. melanogaster sigdisparity between H. sapiens and the two other studied species. What could be a rational interpretation of this nificant differences are found in the first interval (positions 6-30) but not in the second (positions 101-125; difference? One cannot rule out that splicing mechanisms in H. sapiens slightly differ and specific selection Table 1 ). Correlation (r ϭ Ϫ0.40; P Ͻ 0.0001) between AG position in the D. melanogaster exons and the differagainst AG typical for C. elegans and D. melanogaster might be much lower or even disappear in H. sapiens ence between expected and observed values was also observed. Thus, the nonfirst exons of C. elegans and D. exons. It is also possible that in H. sapiens additional factors might be involved, which could mask possible melanogaster demonstrate significantly lower than expected AG frequencies in the positions adjacent to the selection pressure against AG. For instance, we found Expected frequencies were calculated using the formula in the text. Exon-intron database was obtained from http:/ /www. mcb.harvard.edu/gilbert/ eid. Graphs were created using MS Excel's chart wizard tools.
that in H. sapiens exons observed frequency of CG is quency of CG and some other dinucleotides in exons.
In any case the difference of H. sapiens from the two dramatically lower ‫%002ف(‬ less, data not shown) than expected, while in the other compared species this was other species is apparent. Distributions of AG frequencies shown in Figure 2 not the case. As frequencies of dinucleotides are interrelated, one may guess that an increased level of observed represent a mixture of three phases (0, 1, and 2) in each species. Phase separation of any of these distribu-AG in H. sapiens could be a compensation for low fre- tions into three distributions (phase 0, phase 1, and three studied species, which differ in the third position. The compared codons are AAA and AAG (lysine), CAA phase 2) reveal the same pattern, which is more sharply expressed (data not shown).
and CAG (glutamine), and GAA and GAG (glutamic acid). If natural selection really operates against AG In an attempt to further test the selection hypothesis we compared frequencies of pairs of synonymous copairs located near the splice junction (5Ј end of exons), one can also expect selection against AG-carrying codons located at the 5Ј end of exons (phase 0) in the Exons starting from phase 0 (phase of the preceding intron) only were used in this comparison; 10 codons were compared starting from the second codon.
a Differences are statistically significant.
dons, while AA-carrying codons should not be affected tween expected and observed frequencies of AG and compared these values among three codon positions using in the same degree or at all. This type of comparison based on studying two observed values is very much the approach explained above. The results presented in Table 3 show that the differences between expected different from hitherto used comparisons of observed and expected values. Figure 3 supports the hypothesis and observed values were significantly smaller in the second position of codons ("less deleterious") than in of specific selection against codons carrying AG. It is quite obvious that in all nine cases presented in Figure  the two other positions in all studied cases, except the third position in humans. The same conclusion is cor-3 the frequency of AG-containing codons in the first few 5Ј positions and particularly the first position is rect for exons in all three phases (data not shown).
A smaller difference between expected and observed lower than the frequency of AA-containing codons. There is also a distance effect: frequencies of AG-confrequencies of AG in the second codon position indicates that this position is subjected relatively less to the taining codons increase in the 3Ј direction. Comparisons of the first 10 codons located at the very 5Ј end of specific selection pressure than are two other positions. These data provide additional support for the tested exons with the 10 codons located at positions 41-50 are highly significant (P Ͻ 0.01) except codon AAG in H. selection hypothesis. Several independent types of evidence presented here sapiens. However, even in this case the first codon is considerably below the average value. AA-containing create sufficient grounds to believe that AG dinucleotides located on the 5Ј ends of exons experienced negacodons behave differently and do not show strong distance-related selection effects, while some compensative selection pressure in order to reduce the risk of their being mistakenly recognized as the last 3Ј end intronic tory increases near the 5Ј end of exons are possible. Such contrasting behavior of synonymous codons could AG signal and thus to diminish the chance of deleterious splicing. hardly be explained by other causes and thus supports the tested selection hypothesis quite convincingly. Possibly this observation could add an extra factor affecting DISTRIBUTION OF GT PAIRS codon choices during evolution (Karlin and Mrazek
AT 3Ј ENDS OF EXONS 1996).
Next we investigated whether positions of AG within A similar approach was applied for studying distribucodons in the 5Ј region of exons may have different tion of GT pairs at the 3Ј end of exons. We investigated selective values. Clearly there are three possible posihow distribution of the 3Ј exonic GT could be affected tions. When AG occupies position 1 within a codon by GT pairs nearly always located at the 5Ј splice sites (AG|N) and confuses splicing machinery, which may of introns. The last exons of genes were separated from accept this particular AG as the last 3Ј AG of the previous the rest, as they do not have the following intron-exon intron, it leads to abnormal splicing and causes a boundary and probably exist under different selection frameshift in the downstream part of the gene. The pressures. Position Ϫ1 represents the last two 3Ј positions same is true when AG occupies position 3 within a codon of exons, which were aligned by their 3Ј ends (Figure 4 ). (NNAG|); both of these positions (1 and 3) should be As expected (Lewin 1994) in C. elegans, D. melanogaster, deleterious. However, position 2 (NAG|) seems to be and H. sapiens the last two positions in Figure 4 (correless deleterious in this regard as it will not cause a sponding to the last 3Ј positions in exons) have high frameshift but rather causes a loss of one or a few codons frequencies of AG pairs (see also Figure 1 ), which obviin the case of abnormal splicing.
ously prevent appearance of other pairs, including GT, in considerable frequencies. This would explain a lack To test this hypothesis we calculated differences be- Observed frequencies were calculated as proportion of GT among all possible 16 duplets in a certain position. Expected frequencies were calculated using the formula in the text. Exon-intron database was obtained from http:/ /www. mcb.harvard.edu/gilbert/eid. Graphs were created using MS Excel's chart wizard tools.
of GT at the last 3Ј positions of exons. Differences bedifferences are also found on both intervals (Table 1) . A similar pattern was found in H. sapiens. Thus the tween expected and observed GT frequencies are similar in all studied species; observed frequencies are lower compared species demonstrate significant differences between expected and observed GT frequencies in the throughout.
Interestingly the observed frequencies of TG pairs positions adjacent to the 3Ј ends of the exons, which diminish in the 5Ј direction. One may presume that (data not shown) do not differ from expected frequencies for C. elegans (t ϭ 0.7788, P ϭ 0.4379) and for D.
selective pressure against GT pairs could contribute to the observed phenomenon. melanogaster (t ϭ 1.1286, P ϭ 0.2618) in the first 50 positions. In H. sapiens observed frequencies of TG were
The last exons do not have a following exon-intron junction and were not expected to show specific seleceven higher than expected (t ϭ 12.1069, P ϭ 0, in the first 50 positions). These data indicate that frequencies tion pressure against GT. Table 2 presents comparisons between observed and expected frequencies of GT on of GT and TG pairs behave differently at the 3Ј ends of exons.
the same intervals calculated for the last exons. In all but one case there is a statistically detectable difference. Again as in the previous section of this article, we compared observed and expected frequencies of GT This result is contradictory to our expectation that in the last exons there would not be specific selection pairs in the 3Ј part of nonlast exons on two intervals, Ϫ6 to Ϫ30 and Ϫ101 to Ϫ125 (not shown in Figure 4) pressure against GT. However, statistics for the last exons indicate a dramatic decline in the differences bein the studied species. In C. elegans expected frequencies of GT are significantly higher within both compared tween observed and expected frequencies of GT, as compared to the nonlast exons. This may show a reintervals (Table 1) , while the intensity of the differences declines in the 5Ј direction. In D. melanogaster significant duced selection pressure against GT; however, other from the 3Ј end of exons in the upstream direction. The first nucleotide of the last codon is represented by 1, the first nucleotide of the second-to-last codon is represented by 2, and so on. Exon-intron database was obtained from http:/ /www.mcb.harvard.edu/gilbert/eid. Graphs were created using MS Excel's chart wizard tools. factors may be the cause of the differences between ous aspects of mRNA metabolism (Mendell and Dietz 2001) . These factors contribute to fidelity of splicing observed and expected values in the last exons. It is and could make identification of specific selection presquite possible that there are other independent selecsures on the ends of exons less simple. tion pressures, which may reduce observed GT frequenRecent publications provide good reasons to exercise cies in the last exons, making the situation more coma cautious approach in assuming possible selection presplex.
sures on dinucleotide frequencies (Duret and Galtier Distributions of GT frequencies shown in Figure 4 2000) or on codon usage (Urrutia and Hurst 2001). represent a mixture of three phases (0, 1, and 2) in
We hope the data presented here were considered caueach species. Phase separation of any of these distributiously enough to avoid possible traps of complex protions into three distributions (phase 0, phase 1, and cesses operating on the molecular level. phase 2) reveal the same pattern, which is just more sharply expressed (data not shown).
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